The reaction zones between pure titanium and iron-nickel and pure nickel at 1173 K have been characterized. Two alloys with different initial composition were analyzed. When Ni80Fe20 is used the layer sequence at the reaction interface is: Ni80Fe20 → Ni 3 Ti → NiTi → NiTi 2 →Ti, while for Ni48Fe52 the sequence is: Ni48Fe52 → Ni 3 Ti → TiFe 2 → TiFe → NiTi 2 → Ti. The difference is in formation of NiTi, TiFe 2 and TiFe phases. The reaction zone remains very thin independently of time due to the fast dissolution rate of Ti in the alloy. The two different elementary chemical interaction processes have been identified in this article, namely the growth of the reaction layers by solid state diffusion and chemical conversion of the compounds by reaction-diffusion in the solid state. The mathematical description combining these processes is presented for description of the diffusion path generated during diffusion process.
Introduction
One of the most important materials nowadays are Febased steels and Ni-based superalloys [1, 2] . Additions of up to 2 wt% of Ti are important in steels to form carbides, as grain refining element or to enhance oxidation resistance. In Ni-based super alloys up to 5 wt% of Ti is used to stabilize the strengthening γ′ phase [2] . Materials based on Fe-Ni-Ti system are rather complex alloys such as shape memory alloys [2, 3] , bulk metallic glasses, quasicrystals or hydrogen storage intermetallic compounds. Shape memory alloys are based on Fe-Mn-Si-Ni-Cr [4] or Fe-Co-Ni-Ti alloys [5] . Their typical application is in medicine, for surgery instruments or endoscopes, stents or even in stomatology [2] .
The ternary Fe-Ni-Ti alloys show a high corrosion resistance and good mechanical properties [6] . These alloys are interesting for the power industry because of the financial profits which result from a longer lifetime of turbine components, as well as other elements of power plants which work under very destructive conditions. The studies on the equilibrium in the Fe-Ti system were characterized by Kaufman and Nesor [7] , Kumar et al. [8] , Okamoto [9] and Jonsson [10] . In the Fe-Ti system, formation of two intermetallic phases, FeTi and Fe 2 Ti, was found. The Fe-Ni-Ti system has been studied extensively, e.g by Gupta [11, 12] , Cacciamani et al. [2] and by Ghosh [14] . These studies were focused mainly on the thermodynamic properties of the system.
The main goal of present study is to supplement the literature data with the experimentally obtained kinetic data in Fe-Ni-Ti ternary system. Namely, the Wagner's and integral diffusion coefficients in this system. Moreover the authors will try to answer the question: How the nature choose the diffusion path in ternary systems. It will be shown that the entropy production calculations will take decisive role in this problem.
Experiments
In the present work a high purity Ti (99.7 %) was used as binary diffusion couple either with high purity Fe (99.99 %) or high purity Ni (99.98). For ternary systems high purity Ti (99.7 %) was coupled with two binary NiFe alloys, namely: Ni-20%Fe and Ni-52%Fe (in at. %). The samples were machined with rectangular shapes with approximately 10 × 15 × 2 mm dimensions. The materials with mirror surface finishing were coupled in the frame made of molybdenum and annealed at 1173 K for few different times to prove that process is determined by parabolic volume diffusion -Ni-Ti: 50, 100 and 200 hours, Ti-Fe: 50 and 100 hours and NiFe-Ti: 70 and 100 hours. Due to the fact that the results obtained for different times were similar, then in the present manuscript results obtained for 100 hours of exposure are shown. To prevent material oxidation, heat treatment was performed in the inert gas which was high purity argon (5.0 purity). Before the heat treatment, the diffusion couples were kept inside the glass tube of the furnace in the cold zone of the furnace and flushed with argon for 5 hours to extract the ambient atmosphere. After the flushing period, the couples were moved into the hot zone of the furnace and kept at 1173 K for 100 hours. After exposure samples were mounted with the resin. After mounting the metallographic cross-sections were prepared by grinding and polishing procedure and analyzed using scanning electron microscope (SEM, S-3400 Hitachi Scanning Electron Microscope) to investigate the microstructure and the chemical composition of the new phases formed on the diffusion couples.
Results
In this section the results of diffusion between Fe-Ni, NiTi and Fe-Ni-Ti systems are analyzed.
Ni-Ti binary system
The prepared samples of Ni-Ti system at 1173 K -binary system can form a phases presented in the phase diagram, Figure 1 .
When the temperature reached 1173 K a reaction zone in Ni-Ti system rapidly developed. The thicker intermetallic phase is NiTi, which thickness after 100 h is 80 μm (Figure 2 ). The two-phase region observed in NiTi phase is, most probably, generated during the cooling process. Similar results were obtained by the other authors e. g. [15] , thus this phenomena do not perturb the binary reactive diffusion process. The reaction layer sequence (the phase competition) during diffusion between Ni and Ti can be expressed as: TiNi → TiNi 3 → Ti 2 Ni. The measured concentration profiles of Fe and Ti are presented in Figure 3 .
The diffusion coefficients for binary Ni-Ti system estimated by Wagner and Cadiff [16] methods (Appendix) is presented in Table 1 . The Gibbs energy is based on I. Barin work [17] . In binary system the entropy production, σ v ð Þ can determine the competition of the phase growth -i. e. the order of the phase growth during reactive diffusion process ( Figure 4) . The values of the entropy production presented in Table 1 were calculated using eq. (19) (appendix -reaction path). The calculation results proved that as first the TiNi phase will form, the second one will be TiNi 3 and finally Ti 2 Ni formation will be observed as the last one.
Fe-Ti binary system
The Fe-Ti diffusion couple was prepared using the same procedure as in case of Ni-Ti sample. Thus, the exposure temperature was 1173 K and time 100 h. The Fe-Ti system at 1173 forms two intermetallic phases, namely TiFe and TiFe 2 , Figure 5 . Both phases have similar thickness. Thus, the diffusion coefficients of Ti and Fe are comparable. The microstructure of the Ti-Fe system after exposure at 1173 K is presented in Figure 6 . The measured concentration profiles of Fe and Ti are presented in Figure 7 . Table 2 presents the kinetic data such as diffusion coefficient, Gibbs energy and entropy production in Ti-Fe system.
Fe-Ni-Ti ternary system
In a case of a ternary Fe-Ni-Ti system two diffusion couples were prepared. Namely, two different initial composition of Ni-Fe alloys was used: sample 1: Ni80Fe20 and sample 2: Ni48Fe52 (composition given in at.%). The kinetics data as Gibbs energy and diffusion coefficients were used from previous binary approximation. The phase diagram of the Fe-Ni-Ti system at 1173 K is reproduced after Riani et al. [18] in Figure 8 .
The microstructures of the diffusion couple between Ni80-Fe20-Ti (sample 1) and Ni48Fe52-Ti (sample 2) after 100 h exposure at 1173K are shown in Figures 9 and 10 respectively. Since for sample 1 three different intermetallic phases are observed, then for sample 2 four phases are present.
The next Figure 11 present the experimental diffusion path of the diffusion processes in samples 1 and 2. The results show that during annealing of sample 1 and 2 the diffusion paths differ, the layer sequence is: Ni80Fe20 → Ni 3 Ti → NiTi → NiTi 2 →Ti, and sample 2:
The experimental concentration profile of sample 1 and sample 2 is presented in Figures 12 and 13 , respectively.
The calculated entropy production values are shown in Table 3 .
The diffusion path in sample 1 and sample 2 follow through different intermetallic phases. The question occurs: according to which law the diffusion will follow the 'proper' path. The suggestion is that the diffusion path can be predicted by the entropy production calculations, Table 3 like in binary systems. The entropy calculations to determine the diffusion path for sample 2 will be demonstrated. Namely, hypothetically three different diffusion paths can be distinguished: (1) sample 2 -> Ni 3 Ti -> TiFe 2 ; (2) sample 2 -> Ni 3 Ti -> NiTi;
and (3) 
Summary and conclusions
The diffusion processes in Fe-Ni-Ti system were described and discussed. In the present paper the Wagner's and integral diffusion coefficients were determined form the binary diffusion couples. In case of twocomponents diffusion it was shown that the entropy production calculations can be used for the prediction of the sequence of nucleation. One can observe that the phase characterized by the maximum of the entropy production will nucleate as a first one as illustrated in Figure 4 . In case of ternary system the entropy production calculations were used for determination of the diffusion path. It was observed that depending on Ni-Fe ratio different number of phases were formed, namely for the Ni80Fe20-Ti three, while for the system Ni48Fe52-Ti four intermetallic phases are present. It was concluded that the system will form the phase for which the highest formation entropy is observed. 
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One of the most important kinetic data in diffusion process is diffusion coefficient. The interdiffusion coefficient in binary diffusion couples can be obtained from the experimental data by Boltzmann-Matano [19, 20] or Sauer and Freise [21] methods. In 1966 Stark [22] has defined the interdiffusion coefficient directly form the Ficks law. He pointed out that the diffusion velocity components difference, v Sample    .  . - 
is introduced as a measure of composition where upon
The final equation for interdiffusion coefficient in binary one-phase system can be written as follow:
where: x * is the distance at which N B = N * B . With the use of eq. (4) one may obtain, in principle, values ofD as a function of N B for the whole range of composition from a single diffusion run. Equation (4) can be adopted for the binary multiphase systems to evaluate the data obtained for systems involving intermetallics which have a rather narrow homogeneity range. In such case it is very difficult or even practically impossible to determine local values of ∂N B =∂x with sufficient accuracy. Thus,D cannot be calculated directly using eq. (4). Instead of the latter, the following equation is recommended:
Dividing eq. (5) by
one may calculate the average interdiffusion coefficient:
However, the use ofD i ð Þ av does not have special physical meaning, and therefore it is not recommended. The integration of the left-hand side, eq. (5) is decisive for data obtained under experimental conditions and therefore plays an important role in determining the diffusion coefficients from experimental data. The Wagner's integral diffusion coefficient can be modified by introduction the Gibbs function where selfdiffusion coefficients are known. Then, the results should be more accurate. In such a case, the diffusion coefficient is defined as:
Equation (7) can be rewritten in the following form:
Reaction Path
The problem of the way of the reaction path during the diffusion process is still unsolved. There is no mathematical method which allows to determine the diffusion path during the diffusion reaction process. The main unanswered questions are: (1) What is the relaxation path if more than one is possible? (2) according to which law the relaxation path may occur? In the present work the dependence of the relaxation path relation from the entropy production is proposed. In the simplest case, when process under isotropic conditions is assumed (T = const.), the entropy production can be defined as [24] :
where: J d i denotes the diffusion flux of the ith component and μ ch i is the chemical potential. Equation (9) can be rewritten in the following form:
where v d i is the diffusion velocity. This velocity can be expressed by Nernst-Planck formulae [25, 26] :
after simple algebra, eq. (11) can be rewritten in the following form:
assuming that the chemical potential is approximated by the Gibbs free energy [27] , i. e. μ ch i = ∂g=∂N i , the final form of the entropy production can be formulate as follow:
In case of reactive diffusion, intermetallics which exists only in a narrow composition range, it is almost impossible to determine local values of gradN j with sufficient accuracy. Thus, the production entropy cannot be calculated using the eq. (13). Assuming that in the phase (v), the molar ratio and diffusion coefficient is independent of x, eq. (11) can be rewritten in the following form: 
Equation (16) Finally, the entropy production can be calculated as: σ
substituting, the forward and backward differences: σ
